Background {#Sec1}
==========

Unraveling the forces responsible for the nearly universal distribution of sex and recombination among eukaryotes is one of the central problems in evolutionary biology. Several classes of models based on the combinatorial consequences of recombination (initially suggested by Weismann \[[@CR1]\]), have been developed to explain the maintenance of sex and recombination, including selection against deleterious mutations and combination of advantageous mutations \[[@CR2]--[@CR7]\], and genetic adaptation to varying environments, both biotic and abiotic \[[@CR8]--[@CR12]\]. Tight linkage between new and/or pre-existing beneficial and deleterious alleles should decrease the efficiency of natural selection, as a consequence of the Hill-Robertson effect \[[@CR13]\], which includes various forms of interference in finite populations \[[@CR14]--[@CR17]\]. Recombination accelerates the formation of high-fitness genotypes, which in turn can indirectly select for higher recombination rates. The shared condition for such situations is negative linkage disequilibrium (LD; \<0) between fitness loci, as a result of weak negative epistasis, spatially and temporally varying selection (biotic or abiotic), or genetic drift \[[@CR14], [@CR15], [@CR18]--[@CR20]\]. Despite the considerable progress in theoretical analyses over the last decade, the interplay between mutation, recombination and selection remains a controversial issue in evolutionary biology, partly due to a lack of robust empirical evidence. As noted by Barton \[[@CR21]\], *"...although the basic theoretical framework is clear, we still do not know whether selection is generally strong enough, and has the right form, to give a general advantage to sex and recombination*". In this respect, it is worth mentioning the important and debated assumption of insufficient recombination as a limit to selection. Numerous studies support this hypothesis \[[@CR20], [@CR22]--[@CR30]\], while opposite conclusions have also been reached \[[@CR31]--[@CR35]\] based on the idea that a low level of recombination should be sufficient to achieve most of the benefits associated with this process \[[@CR36]\].

The existence of significant genetic variation for recombination is a precondition for efficient indirect selection for recombination. Such variation has indeed been demonstrated in many organisms \[[@CR12], [@CR37]\]. Experiments showing responses to direct selection for altered recombination frequency (*rf*) provide further evidence for genetic polymorphism at recombination-controlling loci \[[@CR38]--[@CR45]\]. A question arises as to whether selection for fitness-related traits can utilize this variation and lead to directional changes in *rf*. Theoretical models indicate that directional or variable selection for multilocus traits may promote evolution towards increased recombination \[[@CR18], [@CR46]\]. A considerable increase in *rf* as a result of selection for various traits unrelated to recombination has indeed been observed in a few studies with *Drosophila melanogaster* \[[@CR47]--[@CR52]\] (Additional file [1](#MOESM1){ref-type="media"}: Table S1). Simulation analysis suggests that interaction between drift and selection could be the source of LD \<0 in most of the studies where increased recombination was caused by selection for unrelated quantitative traits \[[@CR53]\].

Substantial evidence indicates that the observed frequency of double crossovers in adjacent intervals usually differs from the product of recombination rates in the two intervals, which is expected on the assumption of independence, a phenomenon termed crossover interference \[[@CR54], [@CR55]\]. The degree of interference is measured by the coefficient of coincidence (*c*), the ratio of observed to expected rates of double crossovers in target intervals: positive interference (*c* \<1) corresponds to situations in which the occurrence of a crossover in one segment reduces the probability of exchange in the second segment, whereas negative interference (*c* \>1) refers to situations in which the observed rate of double crossovers is higher than the expected rate with independence. Positive crossover interference is a common characteristic of meiotic organisms, with only a very few known exceptions (some fungi) where recombination proceeds with no interference (\[[@CR56]\] and references therein). It is generally assumed that negative crossover interference is mainly associated with intragenic recombination (gene conversion). Nevertheless, cases are known of a higher than expected frequency of double crossovers in adjacent segments of small genetic but large physical length. In *Drosophila melanogaster*, a strong excess of double exchanges was reported within a 4 cM segment of chromosome 3 spanning the centromere and accounting for 25 % of its cytological length \[[@CR57]\]. Similar results have been obtained in other *Drosophila* studies with autosomes \[[@CR12], [@CR58], [@CR59]\], but not with the X chromosome \[[@CR60]\]. Negative interference in *Drosophila* has also been shown to be associated with the interchromosomal effect of translocations on recombination and in situations with temperature-induced recombination \[[@CR59]\]. It has been suggested that negative interference could be a characteristic of genomic regions with a low density of recombination events \[[@CR57]\]. Despite numerous physical and formal models of interference and corresponding statistical tools to analyze experimental data on interference, only one attempt has been undertaken to explain interference as an evolvable feature \[[@CR61]\]. As emphasized by Wang et al. \[[@CR62]\], interference remains a mystery, an evolutionary conundrum. To our knowledge, this aspect has generally been overlooked, despite the interesting models aimed at understanding the mechanism.

Herein, we report new results showing a substantial increase in recombination frequency and changes in crossover interference in directional selection experiments with *D. melanogaster* for desiccation, hypoxia, and hyperoxia tolerance. Novel elements include the facts that (1) the effect of long-term selection (50--200 generations) for three traits unrelated to recombination was evaluated over 16 marked intervals, with independent replicates and (2) in addition to increased recombination, relaxation of positive interference and the occurrence of significant negative interference were observed, which may be considered as first evidence of experimental evolution of crossover interference.

Results {#Sec2}
=======

For each of the three selection experiments, we estimated the recombination frequency and coefficient of crossover coincidence in backcrossed progeny (scheme in Additional file [2](#MOESM2){ref-type="media"}: Figure S1).

Effect of selection for desiccation tolerance on recombination {#Sec3}
--------------------------------------------------------------

A highly significant interval-specific increase in *rf* was observed in each of the three large chromosomes in the selection lines compared to controls (Fig. [1](#Fig1){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}; Additional file [3](#MOESM3){ref-type="media"}). In the X chromosome, we observed a maximal relative increase in *rf* (δ~*rf*~) in the proximal interval *v-f* (from 21.9 to 32.1 %, δ~*rf*~ = 46.7 %, *P* = 3.1 × 10^--18^) and a moderate increase in the interval *cv-v* (from 19.7 to 26.4 %, δ~*rf*~ = 34.3 %, *P* = 4.1× 10^--9^). In chromosome 2, increased *rf* in selection versus control lines was found in distal region *net-dp* of the 2 L arm (from 10.7 to 16.9 %, δ~*rf*~ = 58.1 %, *P* = 2.5 × 10^--8^), proximal region *cn-kn* of the 2R arm (from 12.1 to 19.0 %, δ~*rf*~ = 56.9 % *P* = 4.1 × 10^--9^), and *c-px* region of the 2R arm (from 24.1 to 29.0 %, δ~*rf*~ = 20.0 %, *P* = 1.0 × 10^--3^). In chromosome 3, an increase in *rf* was only detected in the interval *h-th*: from 14.4 to 21.1 (δ~*rf*~ = 46.6 %, *P* = 5.1 × 10^--08^). Altogether, in six out of the 16 intervals, significantly higher *rf* values were obtained in selection lines, and an opposite significant effect was not observed in any of the intervals (Table [1](#Tab1){ref-type="table"}). The sum of *rf* estimates across the tested intervals in chromosome X has changed from 51.9 to 69.2 (δ = 33.5 %), in chromosome 2 from 91.9 to 109.3 (δ = 18.9 %), in chromosome 3 from 52.0 to 61.9 (δ = 19.1 %), and for all 16 scored intervals, from 195.8 to 240.4 (22.8 %).Fig. 1Change in recombination rates (± SE) in *D. melanogaster* caused by directional selection for desiccation tolerance. Significant increases in recombination rates were observed in selection lines (*red*) compared to control (*blue*) in intervals *cv-v* and *v-f* of chromosome X; *net-dp*, *cn-kn,* and *c-px* of chromosome 2; and *h-th* of chromosome 3. *Asterisks* indicate significant differences between selection and control at 0.01 and 0.001 levels using false discovery rate adjusted *P* valuesTable 1Effect of desiccation selection on recombination rates in 16 regions of the *D. melanogaster* genomeControlDesiccationControl versus desiccationInterval*rf* (%)χ^2a^*rf* (%)χ^2a^δ~*rf*~ (%)^b^χ^2c^*P* ^*d*^X chromosome*y-cv*10.28 ± 0.540.3810.68 ± 0.558.52^e^3.890.271*cv-v*19.69 ± 0.711.3426.44 ± 0.792.4334.2840.744.1 × 10^--9^*v-f*21.89 ± 0.740.8532.12 ± 0.833.2346.7384.863.1 × 10^--18^2L chromosome*net-dp*10.70 ± 0.651.5816.92 ± 0.790.5358.1336.852.5 × 10^--8^*dp-b*29.36 ± 0.960.7229.37 ± 0.960.210.030.001*b-pk*5.44 ± 0.481.925.49 ± 0.480.490.910.011*pk-cn*2.08 ± 0.300.311.91 ± 0.291.04−8.170.1612R chromosome*cn-kn*12.11 ± 0.693.3719.01 ± 0.823.6356.9841.264.1 × 10^--9^*kn-c*2.03 ± 0.305.601.74 ± 0.280.94−14.290.521*c-px*24.13 ± 0.900.1328.95 ± 0.956.59^e^19.9813.441.0 × 10^--3^*px-sp*6.07 ± 0.501.725.88 ± 0.500.75−3.130.0713rd chromosome*ru-h*18.80 ± 0.821.7520.75 ± 0.850.3610.372.700.43*h-th*14.40 ± 0.742.8521.11 ± 0.863.3246.6035.055.1 × 10^--8^*th-cu*5.64 ± 0.490.174.86 ± 0.451.71−13.831.370.89*cu-sr*8.20 ± 0.580.639.18 ± 0.616.76^e^11.951.370.89*sr-e*4.94 ± 0.460.955.99 ± 0.501.4221.262.400.50We scored 1,050 individuals of each line (three lines in control and three in selection variant); the total sample size was 6,300 for estimation of recombination frequency (*rf*) in X chromosome intervals. For each of the other crosses (2L, 2R, and 3), we scored 750 individuals per line, i.e. 4,500 per cross. Thus, the total sample for recombination analysis in desiccation selection experiment was 19,800 flies^a^χ^2^ test for between-lines heterogeneity within either control of selection variants (df = 2)^b^δ~*rf*~ (%), relative change of *rf* in selection variant compared to control variant^c^χ^2^ test for significance between *rf* values in selection versus control (df = 1), see [Methods](#Sec11){ref-type="sec"}^d^False discovery rate corrected *P* values (two-tailed test) based on *χ* ^2\ c^ are present to take into account the effect of multiple comparisons^e^ *P* \<0.05; for more details of this table, see [Methods](#Sec11){ref-type="sec"} and Additional file [3](#MOESM3){ref-type="media"}

The increase in *rf* in the selection lines was accompanied by changes in crossover interference in adjacent and non-adjacent intervals (Table [2](#Tab2){ref-type="table"}; Additional file [1](#MOESM1){ref-type="media"}: Table S2; Additional files [4](#MOESM4){ref-type="media"} and [5](#MOESM5){ref-type="media"}). Thus, significant positive interference in the region *y-cv-v* of chromosome X in the control was replaced by no interference in the selection lines: the coefficient of coincidence *c* increased from 0.56 to 0.95 (*P* = 8.4 × 10^--3^). Moreover, in the *cv-v-f* region, significant positive interference in the control (*ĉ* = 0.70) changed to significant negative interference (*ĉ* = 1.40) in the selection lines; the difference between the two estimates was highly significant (*P* = 1.1 × 10^--16^). We did not find negative interference in chromosome 2, but the tendency towards significant relaxation of positive interference in the selection lines was expressed in both arms, e.g. in region *net-dp-b* in 2 L (from 0.35 to 0.81, *P* = 2.3 × 10^--5^) and in *cn-kn-px* in 2R (from 0.38 to 0.91, *P* = 1.3 × 10^--6^). n arm 2R, this tendency was also observed for pairs of non-adjacent intervals, e.g. for *cn*-*kn*\_*c*-*px*, with *ĉ* = 0.41 in the control and *ĉ* = 0.95 in the selection lines (*P* = 3.1 × 10^--6^; Additional file [1](#MOESM1){ref-type="media"}: Table S2). As in chromosomes X and 2, selection caused a consistent and, in certain cases, highly significant tendency toward relaxation of positive interference in adjacent and non-adjacent intervals in chromosome 3. Moreover, in some pairs of intervals, significant positive interference was replaced by significant negative interference, e.g. in the *h*-*cu-sr* region, with *ĉ* = 0.41 in control and *ĉ* = 1.32 in selection lines (*P* = 5.1 × 10^--7^). Notably, we also observed a tendency toward relaxation of positive interference for intervals separated by the centromere. For example, segments *ru-h* and *h-th* are located in the 3 L arm, while *cu-sr* and *sr-e* are in the 3R arm (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). A significant relaxation of positive interference was observed for several pairs of these intervals: for *ru-h*\_*cu-sr*, coefficient *ĉ* changed from 0.52 to 1.14 (*P* = 2.3 × 10^--3^), for *ru-h_cu-e* from 0.41 to 0.92 (*P* = 4.0 × 10^--4^), and for *ru-th_cu-sr* from 0.36 to 0.73 (*P* = 5.8 × 10^--3^; Additional file [1](#MOESM1){ref-type="media"}: Table S3 and Additional file [5](#MOESM5){ref-type="media"}). As with adjacent intervals, replacement of significant positive interference in the control by significant negative interference in the selection lines was also found for non-adjacent intervals, e.g. for pair *h-th*\_*cu-sr*, coefficient *ĉ* changed from 0.49 to 1.56 (*P* = 1.9 × 10^--6^).Table 2Effect of desiccation selection on the coefficient of coincidence in adjacent intervals of the major chromosomes of *D. melanogaster*IntervalsControlDesiccationχ^2^ ~ML~*Py-cv-v*0.564 ± 0.0860.947 ± 0.0849.398.4 × 10^--3^*cv-v-f*0.698 ± 0.0611.395 ± 0.04572.751.1 × 10^--16^*net*-*dp*-*b*0.352 ± 0.0650.813 ± 0.06921.132.3 × 10^--5^*dp*-*b*-*pk*0.110 ± 0.0540.220 ± 0.0751.440.66*c*-*px*-*sp*0.060 ± 0.0420.052 ± 0.0360.021*ru*-*h*-*th*0.814 ± 0.0991.101 ± 0.0810.410.09*h*-*th*-*cu*0.109 ± 0.0760.680 ± 0.15410.205.4 × 10^--3^*th*-*cu*-*sr*0.192 ± 0.1340.478 ± 0.2061.340.71*cu*-*sr*-*e*0.109 ± 0.1080.234 ± 0.1330.501*P* values (two-tailed test) are based on unweighted likelihood tests for the difference between control and selection estimates, corrected for false discovery rateFor more details, see Additional file [1](#MOESM1){ref-type="media"}: Table S2ML, Maximum likelihood

Effect of two-way selection for hypoxia/hyperoxia tolerance on recombination {#Sec4}
----------------------------------------------------------------------------

As with selection for desiccation tolerance, selection for both hypoxia and hyperoxia tolerance resulted in highly significant interval-specific increases in *rf* (Fig. [2](#Fig2){ref-type="fig"}, Table [3](#Tab3){ref-type="table"}; Additional file [3](#MOESM3){ref-type="media"})*.* No significant decrease in *rf* was observed in any of the 16 marker intervals in either direction of selection. In total, indirect selection for increased recombination had a significant effect on more intervals in hypoxia lines than in hyperoxia lines (7 vs. 4). Fisher's exact test for the 2 × 2 contingency table of the outcomes of these two experiments across 16 intervals indicated their significant association (*P* = 0.019). The observed changes in *rf* were more pronounced in the lines selected for hypoxia tolerance (Table [3](#Tab3){ref-type="table"}), excluding the reaction of the *cv-v* interval, with δ~*rf*~ = 38.7 % (*P* = 5.1 × 10^--8^) and 43.7 % (*P* = 2.1 × 10^--9^) in hypoxia and hyperoxia lines, respectively. This interval was among the most reactive with respect to δ~*rf*~ in the entire hypoxia/hyperoxia experiment. Other hyper-reactive intervals (all in hypoxia-tolerant lines) included *net-dp* in the 2 L arm, with δ~*rf*~ = 39.4 % (*P* = 4.2 × 10^--5^), and *cu-sr* and *sr-e* in chromosome 3, with δ~*rf*~ = 47.0 % (*P* = 1.8 × 10^--3^) and 56.9 % (*P* = 1.6 × 10^--3^), respectively~*.*~ No change in *rf* was observed in the 2R arm. The sum of *rf* values across all 16 tested intervals changed from 192.9 to 228.7 (δ = 18.6 %) in hypoxia-selected lines and to 216.5 (δ = 12.2 %) in hyperoxia-selected lines.Fig. 2Change in recombination rates (±SE) in *D. melanogaster* caused by directional selection for (**a**) hypoxia and (**b**) hyperoxia tolerance. Significant increases in recombination rates were observed in hypoxia selection variant (*red*) compared to control (*blue*) in intervals *y-cv*, *cv-v*, and *v-f* of chromosome X; *net-dp* and *dp-b* of chromosome 2; and *cu-sr* and *sr-e* of chromosome 3. In hyperoxia selection variant, a significant increase in recombination rate was observed in all tested intervals of chromosome X, while only *dp-b* interval in chromosome 2 and in no interval of chromosome 3. *Asterisks* indicate significant differences between selection and control variants at 0.05 and 0.001 levels using false discovery rate adjusted *P* valuesTable 3Effect of hypoxia and hyperoxia selection on recombination rates in 16 regions of the *D. melanogaster* genomeControlHypoxiaControl vs. HypoxiaHyperoxiaControl vs. HyperoxiaInterval*rf* (%)*χ* ^2a^*rf* (%)*χ* ^2a^δ~*rf*~ (%)^b^*χ* ^2\ c^*P* ^*d*^*rf* (%)*χ* ^2a^δ~*rf*~ (%)^b^*χ* ^2c^*P* ^d^X chromosome*y-cv*13.15 ± 0.710.1017.46 ± 0.806.31^e^32.7816.214.6 × 10^--4^15.97 ± 0.772.3721.447.214.1 × 10^--2^*cv-v*18.96 ± 0.830.5726.29 ± 0.933.4038.6634.775.1 × 10^--8^27.25 ± 0.941.9943.7243.432.1 × 10^--9^*v-f*22.57 ± 0.880.1428.98 ± 0.962.0428.4024.309.8 × 10^--6^27.52 ± 0.941.9421.9314.699.6 × 10^--4^2 L chromosome*net-dp*12.20 ± 0.693.4117.01 ± 0.791.7939.4321.074.2 × 10^--5^14.50 ± 0.740.9118.855.190.12*dp-b*30.48 ± 0.970.4237.20 ± 1.020.0822.8522.052.8 × 10^--5^36.16 ± 1.011.0418.6416.424.5 × 10^--4^*b-pk*6.65 ± 0.532.637.99 ± 0.570.1420.152.980.386.65 ± 0.522.730.000.001*pk-cn*2.19 ± 0.310.712.12 ± 0.300.41−3.200.0311.95 ± 0.292.20−10.960.3212R chromosome*cn-kn*9.99 ± 0.630.3710.38 ± 0.640.463.900.29110.01 ± 0.630.890.200.021*kn-c*2.02 ± 0.301.691.73 ± 0.273.8414.360.5212.40 ± 0.321.0218.810.771*c-px*24.67 ± 0.915.8822.21 ± 0.880.54−9.973.790.2623.42 ± 0.893.76−5.070.951*px-sp*7.58 ± 0.560.517.01 ± 0.542.73−7.520.5517.71 ± 0.561.821.720.0313rd chromosome*ru-h*14.89 ± 0.752.9414.84 ± 0.752.89−0.340.01114.39 ± 0.740.40−3.360.221*h-th*11.82 ± 0.685.2713.09 ± 0.713.3410.741.670.8011.66 ± 0.680.79−1.350.031*th-cu*5.24 ± 0.474.526.58 ± 0.524.7225.573.590.285.48 ± 0.481.824.580.131*cu-sr*5.98 ± 0.501.698.79 ± 0.601.4046.9913.081.8 × 10^--3^6.70 ± 0.530.3812.041.230.96*sr-e*4.50 ± 0.440.847.06 ± 0.540.2856.8913.551.6 × 10^--3^4.75 ± 0.450.145.560.161For each cross, we scored 750 individuals of each line (3 lines each in control, hypoxia and hyperoxia variant) i.e., 6750 per cross. Thus, a total 27,000 flies were scored for recombination analysis in X chromosome, 2L arm, 2R arm and 3 chromosome in hypxoxia-hyperoxia experiment.^a^ *χ* ^2^test for between-lines heterogeneity within either control of selection variants (df = 2)^b^δ~*rf*~ (%), relative change of *rf* in selection variant compared to control variant^c^ *χ* ^2^ test for significance between *rf* values in selection versus control (df = 1), see [Methods](#Sec11){ref-type="sec"}^d^False discovery rate corrected *P* values (two-tailed test) based on *χ* ^2c^ are present to take into account the effect of multiple comparisons^e^ *P* \<0.05; for more details of this table, see [Methods](#Sec11){ref-type="sec"} and Additional file [3](#MOESM3){ref-type="media"}

Selection for hypoxia and hyperoxia tolerance also caused relaxation of positive interference and appearance of negative interference. In the X chromosome, the latter effect was expressed particularly strongly, in both directions of selection, in pairs of adjacent and non-adjacent intervals (Table [4](#Tab4){ref-type="table"}; Additional file [1](#MOESM1){ref-type="media"}: Table S3 and Additional files [4](#MOESM4){ref-type="media"} and [5](#MOESM5){ref-type="media"}). Remarkably, for the *y-cv-f* region, no interference in the control (*ĉ* = 1.05) changed to highly significant negative interference in the selection lines: *ĉ* = 2.12 in hypoxia (*P* = 9.5 × 10^--28^) and *ĉ* = 2.09 in hyperoxia (*P* = 6.8 × 10^--25^). A similar pattern, for either adjacent or non-adjacent pairs of intervals (*net*-*dp*-*b, dp*-*b*-*pk, net*-*dp*\_*b*-*pk,* and *net*-*dp*\_*b*-*cn*), was observed in the 2 L arm for both directions of selection (Additional file [1](#MOESM1){ref-type="media"}: Table S3). The difference between control and selection lines was more pronounced for hypoxia selection and for adjacent pairs of intervals. Although selection had no significant effect on *rf* in arm 2R, changes in crossover interference in adjacent and non-adjacent intervals of 2R were observed in the hyperoxia selection lines. Thus, for adjacent intervals, the coefficient of coincidence increased from *ĉ* = 0.43 to 0.72 (*P =* 2.9 × 10^--2^) for *cn*-*kn*-*sp*, from 0.42 to 0.70 (*P =* 1.8 × 10^--2^) for *cn*-*c*-*sp*, and from 0.37 to 0.66 (*P =* 4.6 × 10^--2^) for *cn*-*px*-*sp*. In chromosome 3, no changes in *rf* or interference were found in hyperoxia-tolerant lines. Although no increase in *rf* in the lines selected for hypoxia tolerance was detected in the 3 L arm, we observed significant changes in interference in this arm: either considerable relaxation of strong positive interference (e.g. in *h*-*th*-*sr* region) or replacement of significant positive interference with no interference (e.g. in *ru*-*h*-*th* region). Relaxation of interference was also noted for non-adjacent intervals, including across-centromere effects: for the pair of intervals *ru*-*th*\_*cu*-*e*, coefficient *ĉ* changed from 0.15 to 0.49 (*P =* 4.8 × 10^--4^).Table 4Effect of hypoxia and hyperoxia selection on the coefficient of coincidence in adjacent intervals of the major chromosomes of *D. melanogaster*IntervalsControlHypoxiaχ^2^ ~ML~*P* (control vs. hypoxia)Hyperoxiaχ^2^ ~ML~*P* (control vs. hyperoxia)*y-cv-v*0.712 ± 0.0991.108 ± 0.0788.881.1 × 10^--2^0.883 ± 0.0761.720.55*cv-v-f*0.737 ± 0.0741.118 ± 0.05616.072.8 × 10^--4^1.200 ± 0.05822.839.7 × 10^--6^*net*-*dp*-*b*0.332 ± 0.0581.295 ± 0.06296.207.9 × 10^--22^1.014 ± 0.06849.461.4 × 10^--11^*dp*-*b*-*pk*0.540 ± 0.0971.195 ± 0.09520.453.2 × 10^--5^1.146 ± 0.10716.422.3 × 10^--4^*b*-*pk*-*cn*0.301 ± 0.2950.262 ± 0.2580.0110.643 ± 0.4420.411*kn*-*c*-*sp*0.272 ± 0.1290.179 ± 0.1240.0110.422 ± 0.1480.840.97*c*-*px*-*sp*0.283 ± 0.0780.253 ± 0.0810.0810.316 ± 0.0830.081*ru*-*h*-*th*0.495 ± 0.1030.995 ± 0.1298.971.0 × 10^--2^0.396 ± 0.0970.441*h*-*th*-*cu*0.137 ± 0.0950.598 ± 0.1625.500.060.342 ± 0.1481.420.60*P* values (two-tailed test) are based on unweighted likelihood tests for the difference between control and selection estimates, corrected for false discovery rateFor more details, see Additional file [1](#MOESM1){ref-type="media"}: Table S3ML, Maximum likelihood

Between-replicate heterogeneity in recombination rates and changes in interference {#Sec5}
----------------------------------------------------------------------------------

Analysis of 16 genomic intervals showed segment-specific increases in recombination rate and relaxation of positive interference, or even its replacement by negative interference in all three selection experiments compared to the corresponding controls. The question is whether the changes in interference, deduced using the estimates of coefficient of coincidence, represent a 'true' cytogenetic effect, or an alternative process? Säll and Bengtsson \[[@CR63]\] demonstrated that, even in the absence of negative interference, heterogeneity of recombination rates within a sample, with positive covariation of *rf* values in two intervals, may lead to biased upward *ĉ* and even to *ĉ* values highly significantly exceeding *c* = 1, i.e. the false discovery of negative interference. To reduce the risk of such outcomes when combining potentially heterogeneous data from the replicated lines, we used a weighted maximum likelihood (ML) approach in addition to the standard ML approach (see [Methods](#Sec11){ref-type="sec"}). A special analysis of data heterogeneity and correlation between *rf* values was performed to assess the possible effect on *ĉ* estimates.

As explained in [Methods](#Sec11){ref-type="sec"}, the segregating progeny of each of the three replicate control and selection lines were obtained in three bottles each with approximately 250 flies (Additional file [2](#MOESM2){ref-type="media"}: Figure S1). Although each such trio of sub-samples represents the same selection or control line, analyzing them separately enables taking into account one additional source of variation on post-meiotic stages (differential survival of the progeny) that might affect the *rf* estimates. The small size of these sub-samples (n = 250) precludes the possibility of interference analysis for a considerable portion of the interval pairs on such a sub-replicate level, but linkage analysis is still possible. Thus, based on nine data points (three replicate lines × three bottles of backcross segregants per line), we could calculate the correlation between *rf* values for pairs of intervals, either adjacent and non-adjacent (Additional file [1](#MOESM1){ref-type="media"}: Tables S2 and S3 for desiccation and hypoxia/hyperoxia selection experiments, respectively). For each of the three experiments, the following question can be addressed: is there any association between a significant change of *c* in selection material for certain interval pairs and a significant positive correlation between *rf* values for the same interval pairs? The analysis (Additional file [1](#MOESM1){ref-type="media"}: Table S4a) suggests that this factor does not explain the cases of significant increase of *c* values in selection lines in any of the three selection experiments. Likewise, cases with significant increase of *c* in selection lines do not show strong associations with significant increase in *rf* in one or both segments (Additional file [1](#MOESM1){ref-type="media"}: Table S4b,c and Additional file [6](#MOESM6){ref-type="media"}: Text S1).

Additional observations on negative interference {#Sec6}
------------------------------------------------

In all three experiments, the most pronounced changes toward negative interference were observed in the X chromosome. In the 2 L arm, negative interference appeared in a number of cases in hypoxia- and hyperoxia-tolerant lines, while desiccation-tolerant lines manifested only a reduction in positive interference. In the 2R arm, desiccation- and hyperoxia-tolerant lines showed relaxation of positive interference, while no such effect was observed in the hypoxia-tolerant lines. In some intervals of chromosome 3, negative interference appeared in the desiccation-tolerant lines, while only relaxation of positive interference was observed in hypoxia-tolerant lines, and there was no effect in hyperoxia-tolerant lines. We also found that negative interference caused by selection can be accompanied by a decrease in *rf* over long intervals compared to controls. Thus, *rf* values along the X chromosome in hypoxia-tolerance selection lines significantly exceeded corresponding control values (Table [3](#Tab3){ref-type="table"}): 17.46 vs. 13.15 in *y-cv*, 26.29 vs. 18.96 in *cv-v*, and 28.98 vs. 22.57 in *v-f*. Nevertheless, the *rf*~*y-f*~ value in control lines was significantly higher than that in selection lines: 38.58 vs. 26.66 (Additional file [3](#MOESM3){ref-type="media"}). Similarly, a higher *rf* value for *y-f* in control lines compared to selection lines was observed in the hyperoxia experiment (38.58 in control vs. 27.77 in selection) and desiccation experiment (39.26 in control vs. 31.46 in selection), as well as for *net-cn* of the 2L arm in hypoxia and hyperoxia experiments (45.64 in control vs. 35.84 in hypoxia and 39.68 in hyperoxia; Additional file [3](#MOESM3){ref-type="media"}). This non-monotonicity can be explained by the increased chance of double-recombination events observed among the component shorter intervals (see the corresponding estimates of *c* in Additional file [1](#MOESM1){ref-type="media"}: Tables S2 and S3). Our results of non-monotonicity raises an important point about marker spacing in experimental recombination-evolution studies: by choosing intervals that are too long, one might actually observe *rf* values that remain the same or appear to decrease even if the map length has truly increased (due to the increased chance of double crossovers). This comment may be relevant for some of the long intervals used in the previous studies and the current data.

Discussion {#Sec7}
==========

We estimated genomic changes in recombination in *D. melanogaster* caused by long-term selection (50--200 generations) for tolerance to desiccation, hypoxia, and hyperoxia. Using the same sets of markers, we provide robust evidence of indirect selection for recombination in all three experiments. We found that long-term selection has resulted in a dramatic increase in recombination rates in different genomic regions (up to 40--50 % per interval) relative to control levels. A higher response was displayed by the X chromosome compared to autosomes in all the three experiments. No significant reduction in *rf* was observed in any of the 16 genomic intervals analyzed, for any of the three experiments. Remarkably, in addition to the unidirectional changes in *rf*, we observed a highly significant increase in the rate of double crossovers, expressed as relaxation of positive interference and occurrence of negative interference. Relaxation of positive interference was evident for all tested chromosomes in all three experiments, whereas the intervals with selection-induced negative interference differed between the selection regimes.

Crossover interference as an evolving phenotype {#Sec8}
-----------------------------------------------

A comparison of meiotic mutants and normal genotypes leads to the conclusion that the genomic distribution of crossover exchanges in normal meiosis is more restricted and less proportional to physical distances than in meiosis altered by mutations \[[@CR64]--[@CR66]\]. Thus, these restrictions may be largely a result of evolutionary adjustments of crossover distribution along the chromosome. Relaxation of (positive) interference in meiotic mutants has also been observed, despite a general tendency toward linkage tightening \[[@CR67]--[@CR69]\]. Such effects (crossover re-distribution along the chromosome and relaxation of interference) were also displayed by mei-mutants with increased recombination rates \[[@CR70]\]. Such observations suggest that the direction and level of interference are evolvable phenotypes. A first, formal analysis of interference-modifier evolution was conducted by Goldstein et al. \[[@CR61]\]. Using numerical analysis, they showed that in an overdominance selection model, interference modifiers evolve to reduce the overall recombination rate, whereas in a mutation-selection balance model interference can evolve toward an overall increase in recombination if fitness effects of the selected loci are super-multiplicative. However, there has been no evidence available to date showing changes in interference in evolution experiments. Our results indicate that long-term directional selection for recombination-unrelated traits may lead not only to an increase in recombination rates, but also to relaxation of positive interference and appearance of negative interference.

Alternative explanations for the obtained results {#Sec9}
-------------------------------------------------

The repeatable observation of association between directional selection and increased recombination implies selection for rec modifiers \[[@CR12], [@CR71], [@CR72]\] or changes in the respective genomic regions' ability to recombine. These two mutually non-exclusive scenarios can be considered as changes in regulating and reacting systems of the hierarchical control of recombination \[[@CR12], [@CR72]\]. The fixation of polymorphic recombination hotspot motifs can serve as an example of changes in the reacting system. Selection pressure may also strengthen the ability to recombine if the initial material was heterozygous for small inversions and evolved toward structural homozygosity due to selection and drift. However, despite our growing understanding of the importance of structural heterozygosity in population-genetic experiments with *D. melanogaster* \[[@CR73]\], this assumption cannot explain the reproducibility of the observed patterns among replicates and the similarity of *rf* values between the controls for desiccation and hypoxia/hyperoxia experiments, as well as their good correspondence with the standard *D. melanogaster* genetic map. More importantly, this assumption is also incompatible with exclusively upward changes in *rf* in all selection lines (Tables [1](#Tab1){ref-type="table"} and [3](#Tab3){ref-type="table"}). Another assumption, that the increase in *rf* was caused by initial positive LDs between the advantageous alleles conferring resistance (to desiccation, hypoxia, or hyperoxia) and recombination alleles increasing *rf*, is also improbable. Indeed, this assumption implies a prevalence of cis-regulation of recombination for all intervals that showed a selection-induced increase in *rf*; it also requires a further assumption of uniformity of signs of such LDs. Moreover, this explanation contradicts our findings of unidirectional changes of *rf* in both hypoxia and hyperoxia selection experiments, similar to earlier findings of unidirectional changes of *rf* in two-way selection for geotaxis \[[@CR51]\].

Conclusions {#Sec10}
===========

Theoretical analysis shows that the fitness epistasis caused by truncation selection with a steadily moving optimum can have a powerful effect on selection for increased recombination in large populations \[[@CR18]\]. An alternative mechanism is fluctuation of LD in small populations combined with directional selection, which may also lead to higher recombination \[[@CR19]\]. In the present study, we observed increased recombination in three independent replicates of each selection experiment -- for desiccation, hypoxia, and hyperoxia tolerance. Presumably, both abovementioned mechanisms could play a role in the observed changes in recombination. However, although selection × drift interaction may be an important factor contributing to the evolutionary advantage of increased recombination, the high uniformity of the replicates enables us to suggest that directional selection with a steadily moving optimum has played a leading role in the observed recombination response. As shown by Charlesworth \[[@CR18]\], selection pressure on a rec-modifier when a trait is subject to selection with a steadily moving optimum should be sufficient to account for observed increases in *rf* in artificial selection experiments, especially for organisms with small chromosome number, like *D. melanogaster*.

The observed pattern of recombination changes across the genome induced by selection for traits unrelated to recombination does not necessarily adequately reflect the distribution of loci affecting those traits. Flexon and Rodell \[[@CR48]\] did find such a correspondence in their pioneering study of the effect of selection for resistance to DDT on recombination in *D. melanogaster* and revealed a positive correlation between the chromosome contribution to resistance and the extent of change in *rf* relative to the control level. It is worth noting that experiments involving direct selection for changed recombination have shown that selection for *rf* in one region can result in a spectrum of correlated changes in other regions with different chromosomes being involved in this changed control of recombination \[[@CR39], [@CR41], [@CR45]\]. Concerning our results, out of 188 genes residing in hypoxia-tolerance selected regions \[[@CR74]\], 44 are located on the 3R arm and 144 on the X chromosome; 10 of these genes from 3R and 52 from X belong to the intervals with observed significant increases in *rf* (*y*-*f* for X and *th*-*e* for 3R). To evaluate whether the increase in *rf* is coordinated with the selection of new combinations of alleles of relevant tolerance genes, these results should be complemented with fine-scale assays of recombination landscapes and genome scanning for footprints of selection. This would enable testing whether alterations in the recombination system caused by long-term selection include a change in the 'spectrum of recombinants', i.e. involvement in crossover exchanges in genomic regions that were excluded from crossing-over in controls \[[@CR12], [@CR68]\], or simply reflect a quantitative increase in *rf*.

Presumably, episodes of novel intensive selection pressures are not uncommon in nature \[[@CR14], [@CR15], [@CR75]\]. As noted by Barton \[[@CR14]\], "*...it remains possible that local populations experience far more directional selection, and that it is this which sustains widespread sex and recombination*". *D. melanogaster* is one of the organisms that, at least outside of its native habitats in Africa, seems to undergo boom-bust cycles, dramatically reducing the long-term effective population size and allowing adaptation in the boom years to occur in populations of large short-term effective population size, enabling short-term evolution to act primarily on pre-existing intermediate-frequency genetic variants that are driven the rest of the way to fixation via soft sweeps \[[@CR76], [@CR77]\]. The results of the current study indicate that selection for stress tolerance can lead to a considerable increase in the level of recombination and also deeply modify such basic features of recombination as crossover interference, displayed by relaxation of positive interference, and even evolution of negative interference. Till now, theoretical studies of recombination evolution have been concentrated on the central question of 'why sex and recombination?', ignoring the fact that several important features of recombination also remain unexplained, including its environmental dependence, widespread occurrence of crossover interference, sex differences in *rf*, and its species-specificity, to name just a few (\[[@CR12], [@CR71], [@CR78]\]; but see \[[@CR12], [@CR79], [@CR80]\]). Comparative analysis of recombination in ecologically divergent populations and assessment of changes in recombination in selection experiments may serve as an important source of evidence for better understanding of the mechanisms of maintenance of sexual recombination and explaining why recombination is so variable within and between species.

Methods {#Sec11}
=======

Three sets of *D. melanogaster* lines resulting from long-term directional selection for stress tolerance were employed in our experiments: (1) three desiccation-resistant lines established by selection over 48 generations; (2) three lines tolerant to severe hypoxic stress generated through long-term experimental selection (for more than 200 generations), and (3) three hyperoxia-tolerant lines. Details of the experimental scheme for hypoxia-tolerance selection were provided elsewhere \[[@CR81], [@CR82]\]. Peculiarities of the selection for hyperoxia tolerance are described by Zhao et al. \[[@CR83]\]. Selection for desiccation tolerance was performed by DDA.

Selection for desiccation tolerance {#Sec12}
-----------------------------------

Wild individuals of *D. melanogaster* (n = 120) were collected in March 2009 from Madhya Pradesh, Jabalpur, India (23°30'N; 80°01'E; alt. 393 m). Before the start of the selection experiment, mass culture was maintained for five generations under standard laboratory conditions at low density (on yeast-cornmeal-agar medium at 21 °C, and \~70 % relative humidity) to eliminate environmental effects. For laboratory selection, virgin flies were sexed under CO~2~ anesthesia at least 48 h prior to the experiment. Then, virgin flies (3--4 days old) were placed in groups of 25 into plastic vials containing 2 g of silica gel and covered with foam discs. Experiments were conducted for males and females separately. Flies were subjected to desiccation stress until approximately LT~70~--LT~85~ level of mortality was reached. Control groups were established in the same manner, excluding water stress. In each generation, we examined approximately 1,000 virgin flies of each sex per replicate, of which at least 100 males and 100 females survived the LT~70--85~ cut-off to become the parents of the next generation. For each group (selection and control), survivors were randomly allocated into three sub-groups (three replicates). The same protocol was repeated for 48 generations (each next generation was subjected to analogous treatment), and then selection was relaxed for 8--10 generations before initiating the recombination tests. The control lines were not subjected to any treatment and were maintained in comparable densities to the selection lines on standard media. In the present study, we used three control and three desiccation-resistant lines for recombination tests. Average desiccation tolerance of the initial population was 14.8 h and 23.2 h (with SD = 2.88 and 3.44), for males and females, respectively. After 48 generations of selection, these tolerance characteristics increased to 25.3 h and 43.6 h for males and females, respectively, i.e. 3.65 SDs and 5.93 SDs compared to the starting population.

Hypoxia- and hyperoxia-tolerant lines {#Sec13}
-------------------------------------

Selection for hypoxia/hyperoxia tolerance was initiated after crossing 27 isofemale *D. melanogaster* lines (kindly provided by Dr. Andrew Davis), that varied considerably in acute anoxia test as well as for eclosion rates when cultured under hypoxic or hyperoxic conditions. Males and virgin females (n = 20) were collected and pooled from each isofemale line. This parental population was reared at room temperature with standard food medium. F~1~ embryos from the pooled population were separated and maintained in nine separate chambers, three each for control, hypoxia- and hyperoxia-selection experiments. Trial experiments were run to determine the starting O~2~ concentrations for hypoxia- and hyperoxia-tolerance selection. We analyzed the feasibility and tolerance capacity of the F~1~ progeny of the parental cross to different O~2~ concentrations (i.e. 8, 6, or 4 % O~2~ for hypoxia selection and 60 %, 70 %, 80 % and 90 % O~2~ for hyperoxia selection). In addition, the tolerance levels of each parental line to hypoxia or hyperoxia were measured by testing survival of each individual line in the hypoxic or hyperoxic environments. In the pilot study, the selection for hypoxia tolerance was therefore started at 8 % O~2~ and for hyperoxia tolerance at 60 % O~2~. The low O~2~ concentration was gradually decreased by 1 % and the high O~2~ was increased by 10 % every 3 to 5 generations to maintain the selection pressure. The population size was kept at around 2,000 flies in each generation. Eggs of the first egg laying for each generation were removed to limit genetic drift induced by the 'early-bird' effect. After seven generations of selection, hyperoxia tolerance was increased to 80 % O~2~, and after 13 generations the hypoxia tolerance in the hypoxia-selected flies reached 5 %, a level that is lethal for most of the control flies (Additional file [2](#MOESM2){ref-type="media"}: Figure S3). The hyperoxia-selected flies broke through the lethal hyperoxic level (90 % O~2~) after 13 generations of selection, and the hypoxia-selected flies exhibited tolerance to a severe level of hypoxia (4 % O~2~, embryonic lethal to control flies) following 32 generations of selection. The lethality in these selection experiments was defined as the level of oxygen in which *D. melanogaster* cannot complete development and reproduce.

Genetic crosses {#Sec14}
---------------

Virgin females (3 days post-eclosion) of each control and selection lines (three replicate lines each for control and selection groups) were allowed to mate with males of marker stocks (Additional file [2](#MOESM2){ref-type="media"}: Figure S1). Four marker stocks were employed (Additional file [2](#MOESM2){ref-type="media"}: Figure S2): *y cv v f* for the X chromosome; *net dp b pk cn* for the 2 L arm, *cn kn c px sp* for the 2R arm, and *ru h th cu sr e* for chromosome 3. F~1~ heterozygous virgin females were collected for each replicate line, and thereafter test-crossed with marker males. Because maternal age may also influence *rf* in *D. melanogaster*, we reduced this effect by allowing the 50- to 60-hour old (post-eclosion) F~1~ virgin females to mate with marker males for approximately 48 hours. To obtain a sufficient number of flies per replicate for scoring recombination, each replicate line was divided into three sub-replicates before the start of recombination experimentation. In this panel, we scored recombination in nine sub-replicates of three replicate lines each for control and selection. In the desiccation experiment, we scored 1,050 individuals of each replicate line (or 350 individuals per sub-replicate), i.e. a total 6,300 flies were counted for estimation of *rf* at the X chromosome. We scored 750 individuals of each replicate line (or 250 individuals per sub-replicate), i.e. 4,500 individuals each were scored for arms 2 L and 2R and chromosome 3. A total of 19,800 flies were counted for estimation of *rf* in the desiccation-selection experiment. Similarly, 750 flies per line, or a total 27,000 flies, were scored for *rf* in the hypoxia/hyperoxia experiments. In the three experiments, we scored a total of 46,800 individuals.

Statistical analysis {#Sec15}
--------------------

For each pair of intervals and each of the three control or selection lines, ML analysis was performed to estimate the recombination frequencies *r*~1*k*~ and *r*~2k~ together with the coefficient of coincidence *c*~*k*~ (*k* = 1,2,3). For a pair of intervals, either adjacent or non-adjacent, the log-likelihood function had the following form:$$\documentclass[12pt]{minimal}
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where *i*, *j ϵ* {0, 1} define whether the recombination event occurred in the first or second interval, respectively (0 -- no recombination, 1 -- recombination), *k* denotes the replicate line, and *p*~*ijk*~ and *n*~*ijk*~ represent the probability and the observed number of individuals of the genotype class *ij* in replicate line *k* in the backcross progeny (within control or selection). The frequencies for the four genotype classes were defined as:$$\documentclass[12pt]{minimal}
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where *n* refers to iteration number, *k* to the line (within control or selection), and α to the step size. The variances of the estimated parameters *r*~1*k*~, *r*~2*k*~, *c*~*k*~ were calculated as corresponding diagonal elements of the covariance matrix **V**~*k*~  **= I**^**−**1^($\documentclass[12pt]{minimal}
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This approach enables tests of the heterogeneity of the lines within selection and control groups, across the entire set of selection and control lines, and between selection and control groups, with respect to the estimated parameters. To assess the heterogeneity of $\documentclass[12pt]{minimal}
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To assess heterogeneity of a single parameter *p* in *k* lines the following statistics asymptotically distributed as *χ*^2^ with df = *k*-1 can be used:$$\documentclass[12pt]{minimal}
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Thus, the significance of the difference between selection and control lines can be tested using the statistics:$$\documentclass[12pt]{minimal}
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which is distributed approximately as *χ*^2^ with df = 1 upon H~0~{no difference between the compared groups (selection vs. control) for the parameter *p*}.

The importance of using this approach in testing the differences in interference derives from the fact that heterogeneity of recombination rates within the sample (e.g. between replicate lines of the selection group), with positive co-variation of recombination rates in two intervals, may lead to biased upward estimates of *c* and even *c* \>1 \[[@CR63]\]. Therefore, to reduce the danger of such outcomes while testing for significance between control and selection lines in each of the three experiments, we employed, wherever possible, the weighted ML estimates of recombination (Additional file [3](#MOESM3){ref-type="media"}) and interference (Additional files [4](#MOESM4){ref-type="media"} and [5](#MOESM5){ref-type="media"}) parameters in weighted likelihood approach, in addition to the standard ML approach (see below). However, where $\documentclass[12pt]{minimal}
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                \begin{document}$$ \widehat{\theta_c} $$\end{document}$ , the estimate of *c*, was zero in one or more of the three control or selection lines, its standard error was also zero, thereby overweighting the estimates of *c* from the other two lines and leading to zero weighted average per selection or control. Thus, for all the data we also employed the standard and more direct ML approach allowing for each line, in both selection and control, to have its own *r*1~*k*~ and *r*2~*k*~. Namely, to test for significance of the differences of *c* values in selection and control, we performed log-likelihood ratio test of H~0~ {one global *c* for all selected and control lines} versus H~1~ {two c's, one for all selected lines and one for all control lines}:

H~1~ : {**Θ**~control~ = (**r**~**1**c~, **r**~2c~, *c*~c~), **Θ**~selection~ = (**r**~1s~, **r**~2s~, *c*~s~)} vs. H~0~ : {**Θ**~control~ = (**r**~1c~, **r**~2c~, *c*), **Θ**~selection~ = (**r**~1c~, **r**~2c~, *c*)}, where pairs of vectors **r**~**1**c~ and **r**~**2**c~ represent the unknown *rf* values for the analyzed pair of intervals for the three control lines, **r**~**1**s~ and **r**~**2**s~ -- the vectors of *rf* values for the three selection lines, *c*~*c*~ and *c*~*s*~ -- the line-independent values of coefficients of coincidence for control and selection groups, and *c*~*g*~ -- the global *c* under the H~0~ assumption that *c*~*s*~ = *c*~*c*~. Therefore, the H~0~ and H~1~ hypotheses are specified by 14 and 13 parameters and the log-likelihood ratio test of H~1~ versus H~0~ is asymptotically distributed as *χ*^2^ with df = 1.

The obtained *P* values (for two-tailed test) were subjected to false discovery rate correction for multiple comparisons before demonstrations in tables, figures and text. For false discovery rate correction, we used a total 48 comparisons across three experiments (with 16 intervals in each) for the recombination rates, while 189 comparisons for the interference estimates.
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*c*

:   Coefficient of coincidence

LD

:   Linkage disequilibrium

ML

:   Maximum likelihood

*rf*

:   Recombination frequency
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